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Structural and optical characterization of Mg-doped GaAs nanowires grown on GaAs and Si substrates B. P. Falcão, 1,a) J. P. Leitão, 1 M. R. Correia, 1 M. R. Soares, 2 F. M. Morales, 3 J. M. M anuel, 3 R. Garcia, 3 A. Gustafsson, 4 M. V. B. Moreira, 5 A. G. de Oliveira, 5 and J. C. Gonz alez 5 We report an investigation on the morphological, structural, and optical properties of large size wurtzite GaAs nanowires, low doped with Mg, grown on GaAs(111)B and Si(111) substrates. A higher density of vertical nanowires was observed when grown upon GaAs(111)B. Very thin zinc-blende segments are observed along the axis of the nanowires with a slightly higher linear density being found on the nanowires grown on Si(111). Low temperature cathodoluminescence and photoluminescence measurements reveal an emission in the range 1.40-1.52 eV related with the spatial localization of the charge carriers at the interfaces of the two crystalline phases. Mg related emission is evidenced by cathodoluminescence performed on the GaAs epilayer. However, no direct evidence for a Mg related emission is found for the nanowires. The excitation power dependency on both peak energy and intensity of the photoluminescence gives a clear evidence for the type II nature of the radiative transitions. From the temperature dependence on the photoluminescence intensity, non-radiative de-excitation channels with different activation energies were found. The fact that the estimated energies for the escape of the electron are higher in the nanowires grown on Si(111) suggests the presence of wider zinc-blende segments. Semiconductor nanostructures have been emerging in many research fields as a consequence of the scientific progress and the ability to fabricate low-dimensional structures with tunable properties for each specific application. An exciting example is the growth of the wurtzite (WZ) crystalline phase in the usually stable zinc-blende (ZB) III-V semiconductors when scaling down from the bulk to the nanowire form. [1] [2] [3] [4] Investigations have evidenced that the formation of the WZ phase is generally favored by processes arising from the large surface-to-volume ratios of the nanowires, usually with small diameters, 5, 6 and its fraction along the growth axis depends on the growth parameters. 3,7-10 III-V nanowires have been grown by several techniques, namely, molecular beam epitaxy (MBE), [11] [12] [13] chemical beam epitaxy (CBE), 14, 15 and metalorganic chemical vapor deposition (MOCVD) 2,16 through the particle-assisted vapor-liquid-solid (VLS) 17 mechanism mainly with Au as catalyst. Despite the significant achievements obtained in the nanowires synthesis, a full understanding of the influence of the substrate on the fraction of each phase is still lacking. 3, 4, 9, [18] [19] [20] This is particularly important in the case of Si substrates if the goal is the integration on Si technology.
The alternating crystal structures along the nanowire's axis originate heterostructures with complex optical properties that requires a thorough investigation. It is generally accepted that WZ/ZB heterojunction in GaAs nanowires has a staggered type II band alignment where, under excitation, electrons (holes) are located in the ZB (WZ) side of the interface. 8, 10, 21, 22 In the case of radiative recombination of these charge carriers, a spatially indirect radiative transition will occur. Meanwhile, the knowledge of several physical parameters is not well established and remains a controversial issue. For instance, theoretical values of the valence ðDE V Þ and conduction ðDE C Þ band offsets between the WZ and ZB phases in the range 76-122 meV and 53-117 meV, respectively, have been obtained. 10, 23, 24 Another disputed value is the band gap energy of WZ GaAs ðE WZ g Þ where experimental reports and theoretical calculations support values either above 23, [25] [26] [27] [28] or below 10, 22, 24, [29] [30] [31] the band gap energy of bulk GaAs ðE ZB g Þ. In addition to the coexistence of the two crystalline phases, other factors like orientation, dimension, substrate, and doping profiles influence the structural, optical, and electrical properties of the nanowires. 9, 10, 19, 25, 32 Several studies performed on GaAs nanowires by photoluminescence (PL) have shown that at low temperature, the observed PL spectra are dominated by an emission in the energy range 1.42-1.55 eV characterized by many components. 8, 10, 33, 34 The emission above $1.52 eV has been ascribed by several authors 25, 27, 35 confinement effects could compromise that picture. 36 The fraction of each crystalline phase plays a strong role on the observed emission. For twinned and polytypic nanowires, several radiative transitions were observed in the range $1.42-1.50 eV. The works of Heiss et al. 10 and Spirkoska et al. 8, 33 showed that in regions composed of either ZB or WZ phases, the spectra exhibit an emission peak close to the bulk GaAs band gap energy; while for regions consisting of random alternations of thin segments of ZB and WZ phases, the emission is redshifted.
Doping of GaAs nanowires is a field that has not been extensively investigated yet. However, their use in devices, in particular in solar cells, requires this problem to be more intensively addressed. At present, Be is the most commonly used p-type dopant in bulk GaAs due to its near-unity sticking coefficient and low vapor pressure at the usual growth temperatures used in MBE. [37] [38] [39] However, due to the high toxicity of Be, several attempts have been made to find nontoxic and noncarcinogenic alternatives. Mg is a promising one as it originates a shallow acceptor level in GaAs with an ionization energy of 28 meV. 40, 41 Because of the low incorporation coefficient at the usual growth temperatures, it has been difficult to use Mg as a viable p-type dopant in GaAs. 39, 42 Despite this limitation, we recently demonstrated the feasibility to grow GaAs:Mg nanowires. 36 This is a fundamental step for their use in solar cells if a p-n junction is intended to create an electric field to efficiently separate the charge carriers. 43, 44 In this work, we present a thorough investigation on the morphological, structural, and optical properties of Mgdoped GaAs nanowires, grown by MBE on two different substrates (GaAs(111)B and Si(111)). The correlation found between these properties is discussed in depth. Transmission electron microscopy (TEM) measurements revealed large size nanowires dominated by the WZ phase with a low density of thin ZB segments, which is uncommon for such large nanowires. In spite of being a macro experimental technique, grazing incidence X-ray diffraction (GID), performed for very low angles, confirm the TEM results. Systematic excitation power and temperature dependencies of the PL were performed. The observed radiative transitions for the nanowires grown in both substrates are clearly identified as type-II transitions. A strong correspondence between the activation energies of de-excitation non-radiative channels and the structure of the grown nanowires was found.
II. EXPERIMENTAL

A. Samples
GaAs nanowires were synthesized in a Riber 2300 R&D MBE reactor by applying the well known Au-assisted VLS growth mechanism. In order to understand the role of the substrate on the morphological, structural, and optical properties, two samples were produced, one grown on GaAs(111)B (sample A) and another grown on Si(111) (sample B). Prior to growth, the substrates were drop-coated with Au colloidal nanoparticles with an average diameter of 5.0 6 0.5 nm. The growth was performed at 625 C during 90 min, with an As 4 beam equivalent pressure (BEP) of 3.8 Â 10 À5 Torr, a Ga BEP of 7.2 Â 10 À7 Torr and at a nominal growth rate of 1 monolayer (ML)/s (estimated for an epitaxial layer). The p-type doping was achieved by keeping the Mg effusion cell at 175 C. A nominal free hole concentration of 2 Â 10 16 cm À3 was determined by carrying out Hall effect measurements in a GaAs epilayer grown under the same growth conditions on a non-coated substrate. Such low doping concentrations are very difficult to measure in nanostructures. However, preliminary electrical measurements made on field effect transistors of individual highly Mg-doped GaAs nanowires have shown the p-type nature and a free hole concentration similar to the nominal value.
B. Characterization
The morphology of the nanowires was investigated by scanning electron microscopy (SEM) using a high performance Schottky field emission HR-FESEM Hitachi SU-70 microscope equipped with an in-lens secondary-electron and backscattered-electron detectors. The crystalline structure of the nanowires was investigated by transmission electron microscopy (TEM), which were previously mechanically removed from the substrates and deposited into holey carbon grids. A JEOL JEM-2011 (LaB 6 thermionic electron source) and a JEOL JEM 2010-FEG (LaB 6 field effect electron source) 200 kV-high resolution electron microscopes, with maximum resolution values of 2.3 Å and 1.9 Å , respectively, were used to achieve both low magnification and high resolution (HR) TEM images, as well as electron diffraction patterns of the GaAs nanowires. The crystalline structure of the nanowires was also inspected by grazing incidence GID measurements carried out on a PANalytical X'Pert MRD and MPD diffractometers using the Cu-K a ¼ 1.540598 Å line. The study of the epitaxial layer underneath the nanowires was performed on a piece of sample A where the nanowires were mechanically removed with a razor blade.
Cathodoluminescence (CL) and PL spectroscopy were used to investigate the optical properties of the nanowires. The CL studies were performed in a dedicated setup with a SEM microscope (Cambridge Instruments 250) equipped with a liquid helium cold stage. Monochromatic images and spectra were recorded using a GaAs photomultiplier tube. The experimental conditions used were typically an electron accelerating potential of 5 kV with a probe current of 10 pA and the sample was kept at 7-8 K. The PL measurements were carried out in a Bruker IFS 66v Fourier Transform Infrared (FTIR) spectrometer equipped with a liquid nitrogen cooled Ge diode detector. The samples were inserted in a helium gas flow cryostat that allowed varying the temperature in the range 4-300 K. The excitation source was the 457.9 nm line of an Ar þ ion laser with a power in the range 50-350 mW measured at the front of the cryostat window.
III. RESULTS AND DISCUSSION
A. Morphology and crystalline structure
Topographical SEM images ( Fig. 1) show a mesh of tangled non-vertical nanowires with very large dimensions. Favored by the long time of growth, 16 its lengths extend up to a few tens of micrometers and the diameters vary from several hundreds of nanometers at the base to a few tens of nanometers at the tip. Although it is not clear in these images, a close inspection reveals a manifold of growth directions characterized by specific values of angles. The lack of a direct epitaxial relation with the substrate can be understood given the formation of polycrystalline seeds by three-dimensional twinnings at the initial growth stages. 45, 46 Notwithstanding, smaller and vertical oriented nanowires (with diameters in the order of a few tens of nanometers) are observed on both samples (bright spots), with a higher density on sample A (GaAs(111)B substrate). This is a clear indication of a direct epitaxial relation with the substrate in which the nanowires are grown. In the case of the Si (111) substrate, it is not surprising a lower density since the growth yield along the vertical direction on a (111) surface can be largely determined by the lattice mismatch at the nanowiresubstrate interface. 46, 47 Finally, we would like to stress out that cross-sectional SEM images (not shown) revealed the presence of an epitaxial GaAs thin layer underneath the nanowires (few tens of nanometers), and with a higher thickness outside the Au-coated areas (several hundreds of nanometers).
Low magnification TEM images exhibit the presence of transversal stacking defects unevenly distributed along the nanowires, as can be seen in Figs Fig. 2 (c)) show that they are formed by few bilayers of GaAs (occasionally, a twin boundary is observed). The linear density of these defects, obtained through the ratio between its number in the nanowire and the length of that nanowire, were found to be 12.6 lm À1 and 15.5 lm À1 in the case of nanowires grown on GaAs(111)B and on Si(111), respectively. This result suggests that the Si(111) substrate leads to a decrease of the crystalline homogeneity of the nanowires.
The crystalline structure of several nanowires from both samples was evaluated by selected area electron diffraction (SAED) patterns and HRTEM images, performed on regions of different diameters of the nanowires. Fig. 2(c) shows the atomic arrangement in the thinnest part of a nanowire grown on GaAs(111)B (results are identical for all studied nanowires from both samples). Details of HRTEM micrographs reveal that the nanowire is formed by a matrix with an ABAB stacking sequence characteristic of a 2H-polytype hexagonal WZ crystal structure ( Fig. 2(f) ). 48 These results are in good agreement with the features observed in SAED patterns where, for a statistically significant number of nanowires and a large field of view, only the hexagonal crystalline structure was observed. On the other hand, the defects present the ABCABC atomic arrangement characteristic of the (3C) ZB crystal structure ( Fig. 2(e) ). 48 The nanowires thicker regions were also characterized. High resolution is only possible to be achieved from the edges of the nanowires, and even there the resulting images do not lead to a direct conclusion about the nanowires crystalline structure. Nevertheless, the Fast Fourier transform of several HRTEM images in these regions show, for a relatively wide field of view and the hexagonal ½11 20 zone axis, the typical rectangular shape formed by the arrangement of the reflections, as it is presented in Fig. 2(g) . Hence, there is evidence for a dominance of the WZ phase in these nanowires, even in the larger ones, while the ZB phase appears only in the form of very thin segments (i.e., in faulty regions of the hexagonal phase). As will be seen ahead, the mixed structure along the nanowires plays a major role in their optical properties.
The crystalline phases on the nanowires were also investigated by XRD measurements in the grazing incidence configuration as it considerably reduces the contribution from the epitaxial GaAs layer underneath the nanowires. In Fig. 3 , we show the GID diffractograms probed with an incident angle x ¼ 2 , and the positions and relative intensities for the reflections related to both crystalline phases according to the database of the ICDD. 49, 50 We must mention that while for the ZB phase these reflections are well known, for the WZ phase, we only found one theoretical work 51 that predicts their positions and relative intensities. For both samples, we observe two sets of reflections: (i) one related to the ZB phase, and (ii) another consisting of peaks close to the theoretical positions of the WZ reflections but shifted to lower 2h values. Some reflections from the ZB and WZ phases are overlapped. The presence of the WZ phase in the nanowires is confirmed by similar GID measurements performed on a piece of sample A after the removal of the nanowires, which shows the absence of all WZ related peaks (see Fig. 3 ). In fact, for the latter diffractogram, just reflections of the ZB phase are observed, which come from the epitaxial layer underneath the nanowires.
In order to minimize as much as possible the contribution from the epitaxial layer to the measured diffractogram, The dashed lines reflect our attribution for the angles of the WZ related reflections, identified in accordance to the (hk.l) crystallographic notation for hexagonal structures. The peaks ? comes from residues on the base of the samples from the glue used to fix the sample inside the growth chamber.
we reduced the incident angle x from 0.5 to 0.1 in GID measurements for sample B (see Fig. 4 ). The peaks at 2h $ 25:7; 29:2 are assigned to reflections in the WZ planes (10.0) and (10.1), whereas the peak at 2h $ 27:3 has contributions from atomic planes (00.2) in WZ and (111) in ZB. 49, 50 For the first two peaks, just related to the WZ phase, no significant dependence on x is observed for the relative intensity. This is an evidence that for all x-scans, approximately the same amount of material in the WZ phase is being analysed. On the other hand, the relative intensity of the peak at 2h % 27:3 clearly diminishes with decreasing x, approaching the relative intensities of the other two WZ related peaks. The theoretical calculations 51 previously mentioned foresee close relative intensities for the WZ related peaks in the range 25 -30 (see the blue vertical bars in Fig. 3 ). Due to the low signal-to-noise ratio and low angular resolution of the diffractograms, the deconvolution of the contributions to this peak, from each phase, is not possible, hindering the quantification of the contributions of the ZB (111) atomic planes from the nanowires and the GaAs epilayer. In spite of that we consider that the main contribution to the reflection peak at 2h % 27:3 comes from the WZ (00.2) atomic planes, though the ZB contribution from the epilayer cannot be completely excluded. These XRD results support the previous conclusion that WZ is the dominant crystalline phase in these nanowires. Additionally, they show the feasibility of grazing incidence measurements, at very low angles, for a qualitative evaluation of the crystalline phases in GaAs nanowires.
B. Luminescence from the GaAs:Mg epilayer
Before the discussion of the results for the nanowires, it is important to discuss briefly the luminescence from the GaAs:Mg epilayer, in view of its possible influence on the recorded nanowires emission. PL was unable to measure the emission from the epilayer, even under high excitation power. However, luminescence from this layer could be measured in CL due to the higher excitation density. 52 In Fig. 5 , we show the spectrum measured at $8 K in a region uncoated with Au nanoparticles, where only growth of the epilayer occurred. The spectrum is dominated by two bands that are well fitted by two Gaussian curves, whose peaks are located at $1.490 and $1.512 eV and have a full-width at half-maximum (FWHM) of 14.5 and 12.0 meV, respectively. The latter band is ascribed to radiative recombinations of free excitons and bound excitons to shallow neutral donors (D 0 X) and acceptors (A 0 X) in GaAs. 53, 54 Due to the insufficient spectral resolution, it is not possible to distinguish them. Concerning the peak at $1.490 eV, its spectroscopic shift from the ZB band gap energy is $29 meV, very close to the binding energy of an exciton to the Mg acceptor in bulk GaAs. 38, 41, 54 Given the intentional doping with this impurity, which was confirmed by Hall effect measurements (p ¼ 2 Â 10 16 cm À3 ) performed on epilayers grown in similar conditions, we attribute this band to the radiative recombination of an exciton bound to the Mg acceptor.
C. Luminescence from the nanowires
We start by presenting a series of monochromatic CL images from the bottom part of a nanowire in which the emission was analysed for a few values of energies in the range $1.45-1.49 eV (Fig. 6 ). As seen in each image, the nanowire has a striped emission along its growth axis. We must note that due to the insufficient spatial resolution, the axial length of the strips can look longer than the actual length of the luminescent segments. Their observation for particular values of energy suggests that the crystal structure is playing a major role in the trapping of charge carriers and subsequent radiative recombination.
The occurrence of ZB segments in nanowires dominated by the WZ phase, as evidenced by the structural characterization, creates several interfaces between distinct phases in which the band alignment is of type II. 8, 10, 21, 23 Upon excitation, electrons and holes are trapped in the ZB and WZ segments, respectively. As suggested by the spread of the CL emission, we expect that the presence and distribution of these ZB segments along the nanowires axis influence the radiative recombination mechanisms, as will be discussed below. Other defects including impurities, namely the Mg acceptors, can also create additional radiative recombination channels.
It is important to note that PL is a macro experimental technique that probes simultaneously several hundreds of nanowires. The PL spectra at low temperature for both samples are shown in Fig. 7 . In the case of sample A, the spectrum shows an emission in the range $1.25-1.52 eV dominated by a band located at $1.48 eV. Additionally, a few transitions with low relative intensities can be identified in the low energy side. For sample B, the spectrum exhibits mainly an asymmetric broad emission in the range $1.40-1.51 eV with two peaks located at $1.46 and $1.48 eV with comparable relative intensities. Following a common procedure, in order to analyse the observed emission, the spectra were fitted with several Gaussian components. The model for each sample considers the lowest number of components needed to fairly well reproduce the measured spectra for all excitation powers and temperatures studied in this work. For both samples, in the low energy side of the spectra, the reduced PL intensity was fitted with a very broad component located at $1.35 eV. The model for sample A considered six additional components; whereas for sample B, just three components were considered. In view of an extended comparison of the emission from the nanowires, we will restrict our analysis to the region $1.42-1.52 eV where the relative PL intensity is higher and which is in accordance with our CL results and reported PL from polytypic GaAs nanowires. 8, 10, 33 This analysis corresponds to components labeled A 1 -A 3 (sample A) and B 1 -B 2 (sample B). The emission below $1.44 eV has a low relative intensity and is likely related to deep defects.
At this point, we must note that for both samples, the PL was measured on bare nanowires. Contrary to previous studies 10, 22, 28, 34, 55 where the nanowires were covered by an (Al,Ga)As shell to enhance the luminescence efficiency, in our samples, it was high enough to allow a thorough PL investigation. Tomioka et al. 55 also pointed that the Si(111) substrate critically influences the optical properties due to the presence of defects. In our case, even for the growth on the Si(111) substrate, we observe a signal-to-noise ratio comparable to the one of sample A in the same spectral region (see Fig. 7 ).
D. Nature of the radiative transitions
The excitation power (P) dependence of the near band edge PL has been widely used to discuss the nature of the radiative transitions in luminescence studies of bulk semiconductors and heterostructures. However, for GaAs nanowires, such studies are lacking in the literature. In this work, the range of P values investigated was around one order of magnitude due to a compromise between the observation of the nanowires related emission and their structural integrity. We started by studying the dependence on P of the integrated PL intensity (I) for the Gaussian components A 1 -A 3 and B 1 -B 2 . As can be seen in Fig. 8 , the experimental behavior of log(I) vs log(P) follows a linear dependence that is well described by a I / P m (1) law, where m is an adjustable parameter that represents the slope in a log(I)-log(P) plot. Fits to the experimental points for all components of both samples reveal values of m lower than unity (see Table I ). According to Schmidt et al., 56 are also compatible with type II transitions at the interfaces between the quantum well and the barriers, as has been discussed by other authors, for instance, for the WZ/ZB heterointerface in GaN nanowires 57 and for the Si/Ge system. [58] [59] [60] [61] To clarify the physical origin of the transitions observed in this work, let us consider the peak energy vs. P 1=3 plots shown in Fig. 9 . In spite of the reduced number of experimental points, globally all components exhibit a blue shift with the increase of P. The evidenced linear behavior is in accordance with the analysis of the dependence on the photoexcitation of the density of non-equilibrium charge carriers that shows a proportionality of the ground state energy for electrons, E c , with P given by 62
This trend is characteristic of type II radiative transitions [63] [64] [65] [66] and can be understood as follows: upon excitation, as electrons and holes are localized on different sides of the interface between ZB/WZ segments (in our case), dipole layers are formed causing an electric field. For high values of P, the electric field is increased and a bending of the valence and conduction bands occurs with a consequent appearance of a Hartree potential. Consequently, the energy levels for the charge carriers (electrons) in the thin (ZB) segments suffer a blue shift. Additionally, the large excess of carrier densities characteristic of high P values will result in the filling of the higher energy states. Both effects contribute to a shift of the energy of the radiative transition to higher energies, as experimentally observed. 58, 67 In the case of component B 1 , some spreading of the experimental points is observed. This could be due to the difficulties in fitting the spectra and/or to the limits of application of the 1/3 power-law fitting over a limited range of excitation densities as stated by Jo et al. 68 Whatever the case, the compatibility of this component with a type II radiative transition is not ruled out.
As discussed in the literature, the energy of the radiative recombination of both types of carriers in the same spatial region (type I transitions) will also suffer a blue shift with the increase of P. [69] [70] [71] However, the expected dependence of the peak energy on the excitation power does not obey a P 1=3 law. 70, 71 Additionally, the estimated values for m in Eq. (2) are clearly higher than those obtained in this work. Consequently, the occurrence of type I transitions should be excluded in the present case. Actually, considering the commonly accepted band offset at the WZ/ZB heterointerface, just a type II heterostructure should be present in these nanowires, which is compatible with the previous discussion.
These results bring further confirmation on the occurrence of the type II radiative transitions in polytypic GaAs nanowires, as has been pointed in several works. 8, 10, 21, 22 The possible involvement of defect states in the WZ side, namely Mg impurities, cannot be ruled out. However, even in that case, the observed transitions would be of indirect nature in the real space. 
E. Non-radiative de-excitation channels
The temperature dependence of PL was investigated for both samples and the resulting spectra fitted with the models described previously (see Fig. 7 ). The obtained data for the (i) peak energy and the (ii) PL intensity of each Gaussian component as a function of T are plotted in Fig. 10 . In the first case, with increasing T, all components (with the exception of B 2 ) shift to lower energies at a rate that roughly follows the temperature dependence of E ZB g (dashed line). 72 Concerning the evolution of the band gap energy of the WZ phase, Ahtapodov et al. 28 showed for WZ GaAs nanowires a close behavior to the one of E ZB g for approximately the same temperature range studied in this work. Either the case, the experimental behavior is consistent with the observations of Singh et al. 73 in which the temperature dependence of the peak energy of type II transitions follows the band gap variation of the quantum well and/or barrier materials. The blue shift of B 2 may be ascribed to the absence of a component in the high energy queue of the spectra. Although the fitting methodology was based on the assignment of the lowest number of components that reproduce the spectra, the shape of the spectra in this region (for all temperatures) did not show any clear evidence for an additional component. Recently, Graham et al. 34 described the PL from polytypic nanowires with an average volume fraction of the ZB structure of at least 80%, grown on SiO 2 coated GaAs(111)B substrates. The reported PL is dominated by a large band that was ascribed to emission from polytypic regions of the nanowires, and whose peak energy showed a S-shaped temperature dependence. This behavior was not observed in this work. With the exception of B 2 , just a red shift is observed, in good agreement with the temperature dependence of E ZB g , thus further supporting the attribution of all studied components to the radiative recombination of electrons and holes at the ZB/WZ interface. Concerning the dependence on T of the PL intensity, a strong quenching with increase of T is observed for all components. The experimental behavior can be understood considering the thermal activation of non-radiative de-excitation channels. 74 In general, with increasing T, the charge carriers can be released individually or in the form of an exciton from the radiative state to one or more discrete excited states, or to a band. The generic equation that describes the dependence on the temperature of the PL intensity is given by 74
where I 0 is the PL intensity at 0 K and k is the Boltzmann constant. The second term in the sum within parenthesis describes the existence of one or more discrete excited levels, each one parameterized by activation energies E i , whereas the third term involves a band with its edge at an energy E b from the radiative level. The factors c i are parameters proportional to the ratio between the degenerescence of the respective excited state and of the radiative state, whereas c b T 3=2 accounts for the effective density of states of the band involved and c b is a fitting parameter. Different models were tested in order to describe the thermal quenching of the PL intensity for each component. The fits of Eq. (3) to the experimental points are represented by the solid lines in Fig. 10 and the obtained activation energies are presented in Table I . In the case of sample A, the best fitting model considers two quenching channels, one involving a discrete excited level and the other a band. The first one is observed in the low temperatures regime and was parameterized by very low activation energies (1.1-1.7 meV), whereas the channel involving the band is observed for higher temperatures and the resulting activation energies are in the range $6-21 meV. For sample B, the best model for component B 1 comprises the thermal activation of two non-radiative de-excitation channels, one involving a discrete energy level (E 1 ¼ 8.4 6 0.5 meV) and the other, a band (E b ¼ 44 6 10 meV). For component B 2 , the experimental behavior requires the existence of two discrete levels, with activation energies of 1.1 6 0.5 and 6.2 6 0.7 meV, and a channel associated with a band for which an activation energy of 36 6 12 meV was obtained. For both samples, the value of E b decreases as the corresponding PL component occurs at higher spectroscopic energies.
The comparison of all activation energies for the different non-radiative channels shows that for sample A, the energy separation of the discrete energy level to the radiative state is very small (<2 meV). In sample B, we identified a channel involving a discrete energy level with an energy separation to the radiative state of several meV ($6-8.5 meV). Regarding the channel involving a band, we must note that the corresponding activation energy describes the complete release of a carrier from the optical center. The fits revealed lower activation energies for sample A than for sample B meaning that, in the last sample, the depth of the radiative state relatively to the band is larger. In the scope of type II radiative transitions, the above de-excitation mechanism should consist of the release of the confined charge carrier to the corresponding band at the barrier, i.e., release of electrons confined in the ZB segments to the WZ conduction band. In Fig. 11 , we present an energy diagram that illustrates the band alignment in WZ dominated nanowires with very thin ZB segments. Due to the very low thicknesses estimated for the ZB segments, the electron (and also hole) levels are not the bulk energy levels expected for a thick segment (dashed lines in Fig. 11 ). Upon excitation, the electrons are confined in the ZB segments and the holes are in the WZ side of the interface. The thermal release of the electrons is parameterized by the E b energy whereas the de-excitation mechanism involving the discrete excited state (parameterized by the energy E 1 ) is represented by an hypothetical non-radiative defect (NRD) on a WZ segment. This discrete energy level can be an excited state of the radiative optical center or it may be created by other defect in the sample.
The above discussion for the activation energies involving the thermal ionization of the optical center suggests that the ZB segments should have a larger thickness in sample B (Si(111) substrate). Such increase of activation energies with the enlargement of the potential wells will be reflected on lower radiative recombination energies, as shown in Fig. 11 and as observed experimentally for type II transitions in InP/GaAs ultrathin quantum wells. 73 Indeed, we observed a slight red shift of the emission for the growth on Si(111)substrate, as well as an increase of the relative intensity of the radiative transitions that are modeled by B 1 (at lower spectroscopic energies). These results support that the ZB segments in sample B are thicker and are present at a higher linear density. This interpretation agrees with the findings of other authors, 8, 10, 22 which showed that for polytypic GaAs nanowires, with the increase of the alternation of both phases, the emission suffers a redshift. Therefore, the different components observed in the PL spectra from both samples should be related with the distribution of sizes of the ZB segments and with their linear density along the nanowire. These results suggest a clear influence of the substrate on the nanowires structure, which is reflected on the electronic levels structure of the nanowires.
F. Considerations about the Mg doping
Regarding the possible influence of Mg acceptors related luminescence in the nanowires, it must be noted that all identified Gaussian components showed a behavior compatible with a type II transition. No clear experimental evidence was obtained for the involvement of Mg. Two explanations can be given for that. On one hand, a relatively low efficiency in the capture of charge carriers or excitons by the Mg acceptors in comparison to the localization of charges at the ZB/WZ interface could occur. Additionally, the Mg related emission might also be masked by the emission from the mixed crystal structure, as both overlap. The mixed crystal structure results in emission in the range from 1.43 to 1.51 eV; (Ref. 8 ) and from the CL study of the epilayer in Fig. 5 , we observed Mg related emission at 1.49 eV. On the other hand, as already discussed, we cannot exclude the possibility that the hole in the WZ barrier could be bound to a Mg acceptor. However, in this case, the nature of the radiative transition is dominated by the type II character, which justifies the experimental results, namely the excitation power dependence.
IV. CONCLUSIONS
An investigation of morphological, structural, and optical properties of Mg-doped GaAs nanowires, grown by MBE on GaAs(111)B and Si(111) substrates, was presented. For both substrates, vertical and non-vertical nanowires were observed. The vertical ones have diameters of the order of a few tens of nanometers and their density is higher on the GaAs(111)B substrate. The tangled non-vertical nanowires have diameters varying from several hundreds of nanometers at the base to a few tens of nanometers at the tip, and lengths up to a few tens of micrometers. The crystalline structure is dominated by the WZ phase with very thin ZB segments along the growth axis. The dominance of the WZ phase is uncommon for nanowires with such large sizes. TEM revealed a mean linear density of ZB segments (obtained through the ratio between its number in the nanowire and the length of that nanowire) of 12.6 lm À1 and 15.5 lm À1 for the growth on GaAs(111)B and Si(111) substrates, respectively, which is evidence for the role of the substrate on the crystalline homogeneity of the nanowires.
The efficiency of the luminescence was high enough in spite of being originated on GaAs nanowires not covered by an (Al,Ga)As passivation layer. The existence of alternating segments of both crystalline phases along the axis has a strong influence on optical properties. Both CL and PL measurements showed emission in the range $1.40-1.52 eV. The dependence on the excitation power of the PL shows that the observed radiative transitions are of type II at the interface between WZ and ZB segments. The increase of temperature results on a red shift of the PL in accordance with the shrinkage of the ZB GaAs band gap energy. Two non-radiative PL quenching channels were identified for almost all radiative transitions, one involving a discrete state, whereas the other corresponds to the escape of the confined charge carrier (electron) to a (conduction) band. For the last channel, the correlation of the activation energy with structural properties allowed us to conclude that the ZB segments are wider for the growth on Si(111).
The luminescence related to the Mg was only observed from CL performed on the GaAs epilayer. For both CL and PL, no emission related to the Mg in the nanowires was found. We attribute this fact to the dominant type II character of the observed radiative transitions that masked a possible involvement of Mg acceptors in the WZ segments. 
